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Abstract 1 
This study investigated the performance and applicability of a composite dual-layer 2 
PTFE membrane coated with a dense hydrophilic polyurethane layer for treating 3 
wastewater containing surfactant and solvent in direct contact membrane distillation 4 
process. The influences of operating temperature and water recovery on bare and 5 
composite PTFE membranes were studied using simulated wastewaters containing 6 
sodium chloride together with sodium dodecyl sulfate or ethanol. In contrast to the 7 
significant wetting of bare PTFE membrane due to the adsorption of wetting agent on 8 
membrane surface, the composite membrane exhibited satisfied anti-wettability and 9 
desalination stability. The mechanism of anti-wettability of the composite membrane 10 
was related to the repellent effect of hydrophobic moiety of surfactant arrayed on the 11 
hydrophilic layer of the composite membrane, which prevented the wetting agent 12 
from reaching the hydrophobic layer of membrane. The results indicate that the 13 
dual-layer membrane could be potentially used to tackle organic solvent and/or 14 
surfactant containing wastewaters. 15 
Keywords: Direct contact membrane distillation; Dual-layer PTFE membrane; 16 
Wetting; Surfactant; Organic solvent.  17 
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1. Introduction 1 
Membrane distillation (MD) is a promising separation process for water 2 
purification 1, wastewater treatment and reuse 2, and food processing 3. In MD process, 3 
a hot feed solution was separated by a hydrophobic microporous membrane from the 4 
permeate side at a low temperature and in most cases water molecules as the target 5 
component transport through the membrane pores to obtain pure water. The MD 6 
driving force for the water transport is the water vapor pressure differential arising 7 
from the temperature gradient across the membrane through the membrane pores 4. 8 
MD has been paid increasing attention for water desalination and wastewater 9 
treatment, due to the excellent permeate quality and low sensitivity to salinity of feed 10 
solution 5. The main advantages of MD are the theoretical 100% nonvolatile salt 11 
rejection, relatively low operating temperature (30-80 C) compared to conventional 12 
distillation processes, capability of utilizing waste heat or alternative low-grade 13 
energy sources, lower requirement of membrane mechanical properties, and lower 14 
operating pressure than conventional pressure-driven membrane desalination 15 
processes such as reverse osmosis (RO) 4,6. MD process can be classified into four 16 
main configurations based on the operations on the permeate side to keep vapor 17 
pressure difference: direct contact membrane distillation (DCMD), vacuum membrane 18 
distillation (VMD), air gap membrane distillation (AGMD), and sweeping gas 19 
membrane distillation (SGMD) 5,7. Among the four configurations, DCMD is best 20 
suited for applications because it requires the least equipment and is simplest to 21 
operate 7. 22 
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Up to now, MD has acquired only little commercial acceptance and is yet to be 1 
widely applied in industry 8. The stable flux and salt rejection performance in 2 
long-term operations are significant aspects to be taken into account for the MD 3 
industrialization. Flux decline, however, is usually encountered in continuous MD 4 
process, which is mostly induced by fouling and membrane wetting 9. Membrane 5 
wetting, that is, membranes becoming gradually less hydrophobic during use causing 6 
the pass of feed through the pores, is a serious problem affecting the MD performance, 7 
which will cause the deterioration of the product water quality especially for 8 
long-term operation. Thus, the performance and application of MD membranes for 9 
water treatment are impeded by membrane wetting. Currently, membrane wetting has 10 
been identified as one of the basic reasons why MD is not used industrially 10. When 11 
MD is applied for wastewater treatment, membrane wetting becomes more 12 
problematic as the wastewater may contain low surface tension substances such as 13 
organic compound or surfactant 11–14. Organic matters often possess lower liquid 14 
surface tension values than that of water. Therefore, the water-organic mixture can 15 
penetrate easily to the membrane pores and lead to the membrane wetting 12,13. A 16 
surfactant with a lower hydrophile-lipophile balance is more hydrophobic and readily 17 
adsorbs to hydrophobic surfaces due to hydrophobic effects 11. Thus, the hydrophilic 18 
heads of adsorbed surfactants draw water towards the membrane pores and cause 19 
membrane wetting 14. 20 
Membrane wetting property can be measured by the Liquid Entry Pressure (LEP), 21 
which depends on the diameter and the geometric structure of the pores, the contact 22 
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angle between the membrane surface, the liquid, and vapor phases, and surface 1 
tension of the liquid with vapor 15. LEP can be calculated according to the following 2 
LaPlace–Young equation 16,17. 3 
max
cosθ4
d
γB
LEP L
                                              (1)
 4 
where B is a geometric pore coefficient (equal to 1 for cylindrical pores), θ is the 5 
contact angle, γL is the surface tension of liquid (N/m), and dmax is the maximum pore 6 
size of the membrane (m). 7 
Wetting occurs when the pressure is large enough to impel the liquid through the 8 
hydrophobic membrane pores. High LEP value is favored by the membrane structural 9 
parameters such as small pore size and membrane properties with low surface energy 10 
and high surface roughness 18. To reduce the possibility of membrane wetting and feed 11 
penetration, membranes manufactured from hydrophobic materials such as 12 
polypropylene (PP), polytetrafluoroethylene (PTFE), and polyvinylidene fluoride 13 
(PVDF) with high contact angles, low surface energy, small maximum pore size and 14 
narrow pore size distribution are recommended for MD processes 9,19–21. In general, 15 
the water contact angle (WCA) of a hydrophobic membrane should be greater than 16 
90o 7. Some super-hydrophobic membranes with WCA of over 150o were also 17 
fabricated to overcome membrane wettability and increase permeate flux 22. 18 
A large number of researchers have studied the influences of membrane wetting 19 
on the MD performance utilizing various types of membranes. The common methods 20 
to improve membrane anti-wetting property include membrane hydrophobic 21 
modification 23,24, hydrophilic modification 11,25,26, oleophobic modification 27, and 22 
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omniphobic modification 28–30. For example, Lee et al. 23 reported a one-step versatile 1 
electrospinning technique for incorporating functionalized TiO2 nanoparticles into 2 
organic polymer and found that the electrospun membranes exhibited enhanced 3 
anti-wetting properties because of their high hydrophobicity. Lin et al. 11 proposed a 4 
novel approach to lessen the possibility of surfactant wetting during the MD process 5 
using the PTFE membranes coated with a thin agarose layer and no wetting was 6 
detected when testing against wastewaters containing dyeing. Wang et al. 27 fabricated 7 
a composite membrane by modifying a commercial hydrophobic PVDF membrane 8 
with a nanocomposite coating comprising silica nanoparticles, chitosan hydrogel and 9 
fluoro-polymer which significantly enhanced the surface anti-wettability when 10 
dealing with the wastewaters containing high concentrations of hydrophobic 11 
pollutants. Lin et al. 28 fabricated an omniphobic membrane via modifying a 12 
hydrophilic glass fiber membrane with silica nanoparticles for membrane distillation 13 
process and found that the modified microporous membrane exhibited an enhanced 14 
anti-wettability for both water and low surface tension substances such as organic 15 
solvents. Even though great development has been made to exploit the composite 16 
membranes to minimize organic solvents or surfactant adhesion and pore wetting, the 17 
long-term MD process with full potential application in industries has not yet been 18 
realized in operations with low surface tension feeds 31. In particular, only a very 19 
limited amount of work has been reported on the influences of surfactants on 20 
membrane wetting phenomenon 14. 21 
The purpose of this work was to explore the anti-wettability and applicability of 22 
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a composite dual-layer PTFE (C-PTFE) membrane with hydrophilic/polyurethane 1 
dual-layer when dealing with wastewaters containing surfactant or organic solvent in 2 
DCMD process. Common surfactant sodium dodecyl sulfate (SDS) and organic 3 
solvent ethanol were chosen to simulate wastewater for evaluating the membrane 4 
performance in the DCMD experiment. The influences of operating temperature and 5 
water recovery on the anti-wetting properties of the membrane were compared against 6 
bare PTFE membrane. To understand the role of dense hydrophilic polyurethane layer 7 
of C-PTFE membrane, the water uptake and water contact angle pre and post static 8 
wetting treatment and pressurized filtration experiment using a series of feed solutions 9 
were determined and discussed. It is expected that this work can help to understand 10 
the mechanism of anti-wettability of dual layer membrane and provide guidance for 11 
developing new anti-wetting membrane to broaden the application area of MD in 12 
wastewater recycling and treatment. 13 
2. Experimental 14 
2.1. Materials 15 
Sodium chloride (NaCl, 99.5%) and ethanol were purchased from Merck 16 
Millipore. The sodium dodecyl sulfate (SDS) was procured from Sigma-Aldrich. The 17 
reagents were used as received. The commercial microporous hydrophobic flat-sheet 18 
polytetrafluoroethylene (PTFE) membrane was supplied by Porous Membrane 19 
Technology (Ningbo, China). The commercial composite dual-layer PTFE membrane 20 
with a dense polyurethane coating layer (C-PTFE) was supplied by Bruck textile. 21 
Their structural parameters are listed in Table 1. 22 
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Table 1. PTFE and C-PTFE membrane parameters in this study. 1 
Membrane Property Thickness, 
μm 
Mean pore 
size, μm 
Porosity,
 % 
LEP, kPa WCA 
PTFE Hydrophobic 14-20 0.45 90 450 142.6o 
C-PTFE a 
Hydrophobicb 14 0.39 90 
>1000 
142.2o 
Hydrophilicc 14 <0.01 -- 15.2o 
a Composite dual-layer PTFE membrane. 2 
b, c The hydrophilic layer and hydrophobic layer of C-PTEF membrane, respectively. 3 
2.2.  Membrane characterizations 4 
The morphology of PTFE and C-PTFE membranes were characterized by a 5 
scanning electron microscope (SEM, Merlin ZIESS GEMINI2) with working distance 6 
of 3.3-4.5 mm and voltage level of 5 kV. The membranes were frozen in liquid 7 
nitrogen and then cut with a blade to create a clean cross section. Both the membrane 8 
surface and cross section were imaged. 9 
Pore size analysis of membranes was conducted via a Quantachrome Porometer 10 
3G pore size analyzer, employing liquid expulsion technique using a wetting liquid 11 
Porofil. Prior to pore size analysis, C-PTFE membrane was soaked in 12 
dimethylformamide solvent and sonicated for 5 minutes in order to dissolve its upper 13 
polyurethane layer, thus exposing the lower PTFE layer to enable pore size 14 
comparison of the supporting PTFE layer of the C-PTFE membrane with bare PTFE 15 
membrane. 16 
The water contact angles of PTFE membrane and C-PTFE membrane were 17 
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measured using a KSV contact angle meter (CAM200) connected with a video 1 
capturing system. The measurement is depending on a sessile drop method, using an 2 
optical system to capture the profile of the tested liquids (~9 μL) on a horizontal 3 
substrate membrane. The contact angles for each membrane were measured at three 4 
different positions and the average value was taken as final result. 5 
The water uptake of C-PTFE membrane hydrophilic layer was measured using 6 
the following method. The dried C-PTFE membranes were weighed and then placed 7 
into a custom designed apparatus (seen in Fig. 1), in which only the hydrophilic layer 8 
of the C-PTFE membranes was allowed in contact with the liquid solutions which 9 
were deionized water (DI water), 2 g/L NaCl aqueous solution, 100 g/L ethanol 10 
aqueous solution, 40 mg/L SDS aqueous solution, 2 g/L NaCl aqueous solution 11 
containing 100 g/L ethanol, and 2 g/L NaCl aqueous solutions containing 40 mg/L 12 
SDS, respectively. The C-PTFE membrane was fixed at the bottom of the apparatus 13 
and a magneton was used to stir the solutions to restrain the concentration polarization. 14 
The hydrophilic surface of the C-PTFE membrane was exposed to the liquids for 24 h 15 
at room temperature. After that, the membranes were blotted dry to remove surface 16 
water and reweighed. Water uptake (g/m2) is reported as the mass of water adsorbed 17 
per unit membrane area. 18 
Static wetting experiment for PTFE and C-PTFE membrane was conducted using 19 
the same setup (Fig. 1). The immersion solutions were DI water, 40 mg/L SDS 20 
aqueous solution, and 2 g/L NaCl aqueous solution containing 40 mg/L SDS, 21 
respectively. After that, the membranes were dried at 40 oC under vacuum for 24 h. 22 
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Then the contact angles of the dried membranes were measured with four kinds of 1 
liquid droplets separately, including DI water, 2 g/L NaCl aqueous solution, 2 g/L 2 
NaCl aqueous solution containing 100 g/L ethanol, and 2 g/L NaCl aqueous solution 3 
containing 40 mg/L SDS. 4 
 5 
Fig. 1. Schematic of the custom designed apparatus for water uptake test. 6 
The liquid entry pressure (LEP) of the PTFE membranes was determined by the 7 
same method as described in the literature 22. The measurement was conducted with a 8 
cylindrical pressure filtration cell (110 ml) with an effective surface area 10.2 cm2 9 
linked with a pressurized air bottle through a pressure regulator and a pressure gauge. 10 
A dry membrane was placed in the pressure filtration cell followed by pressurizing 11 
NaCl aqueous solution containing ethanol or SDS as feed with air. The pressure was 12 
gradually increased by 10 kPa every 10 min starting from 30 kPa. The pressure value 13 
at which the first liquid droplet of the feed leaves the permeate side of the pressure 14 
filtration cell is determined as LEP. The tests were repeated at least twice. 15 
In order to investigate whether the wetting agents can be sterically rejected by 16 
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the C-PTFE’s hydrophilic layer or not, the pressurized filtration of the wetting agent 1 
through the C-PTFE membrane was tested using the same setup as in LEP 2 
measurement. The 100 mL aqueous solutions containing 40 mg/L SDS or 100 g/L 3 
ethanol was fed to the cylindrical cell for filtration under 200 kPa. 20 mL permeate 4 
was collected and the penetration of wetting agent through the membrane was 5 
determined based on total organic carbon (TOC) measurement of feed and permeate 6 
with TOC analyzer (Shimadzu CSH E200 analyzer, TOC V with TNM-1 unit).  7 
2.3.  Membrane performance in DCMD process 8 
Fig. 2 presents the schematic diagram of the laboratory scale DCMD 9 
experimental set-up. The flat sheet membrane cells made of acrylic plastic can 10 
minimize the heat loss to surroundings. The flow channels of the feed and permeate 11 
semi-cells were engraved in each of two acrylic blocks. Each semi-cell possessed a 12 
flow channel with depth, width, and length of 0.15, 6, and 9.5 cm, respectively, and 13 
formed an active membrane surface area of 57 cm2. Two variable-speed peristaltic 14 
pumps were used to circulate the feed and permeate through the membrane cell with 15 
flow rates monitored by rotor flow meters. Polypropylene spacers (thickness, 0.75 16 
mm, and porosity, 87%) were used in both feed and permeate side to guide the flow 17 
and improve flow turbulence. The feed and permeate temperatures were adjusted by a 18 
heater integrated water bath and a chiller, respectively. The temperatures at the inlet 19 
and outlet of the membrane module on both feed and permeate side were measured by 20 
K-type thermocouples with ± 1 oC accuracy. The feed was directly contacted with the 21 
hydrophilic layer of the C-PTFE membrane when using C-PTFE membrane in DCMD 22 
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experiment. The penetration of solute was measured depending on the conductivity 1 
measurement of the permeate solution with a digital conductivity meter (model no: HI 2 
98192 supplied by Hanna Instruments). The weight increment of the permeate was 3 
determined by a digital balance. The average water permeate flux, J (kg/(m2·h)) was 4 
expressed according to the following equation: 5 
At
WΔ
J 
                                                      (2)
 6 
where ΔW (kg) is the mass variation of distillate over a given time t (h), and A 7 
(m2) is the effective membrane area. 8 
The normalized water flux (J/J0) was calculated as follows: 9 
0
0
Flux
Flux
JJ
f
/
                                                 (3)
 10 
where Fluxf is the flux obtained with simulated wastewaters containing NaCl and 11 
wetting agents and Flux0 is obtained with pure water under the same operating 12 
conditions. 13 
For each experiment, water recovery (Rec) is calculated by equation (4) as 14 
100%1 




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o
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V
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                                          (4) 
15 
The corresponding NaCl concentration (CNaCl, g/L) can be determined by 
16 
 RecV
m
C
o
NaCl
NaCl


1
                                             (5)
 17 
where mNaCl (g) is the NaCl mass in feed solution, and Vo (L) and Vt (L) are the 18 
initial feed volume and volume of feed at time t (h), respectively. 19 
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 1 
Fig. 2. Schematic diagram of DCMD setup: (1) feed tank; (2) peristaltic pumps; (3) rotameters; (4) 2 
heater; (5) pressure gauge; (6) thermocouples; (7) flat sheet membrane module; (8) chiller; (9) 3 
permeate tank; (10) conductivity meter; (11) analytical balance; (12) computer. 4 
3. Results and discussion 5 
3.1. Membrane surface characterizations 6 
Fig. 3 presents the surface and cross-sectional SEM images of both PTFE and 7 
C-PTFE membranes. It is observed that the changes in surface morphology of the 8 
PTFE membrane after hydrophilic modification by coating with a dense polyurethane 9 
layer on its top surface are rather evident. There are abundant pores on the PTFE 10 
membrane (Fig. 3 (a)), but no pores were observed on the dense hydrophilic 11 
polyurethane layer of the C-PTFE membrane which thoroughly covers the surface of 12 
PTFE substrate (Fig. 3 (b) and (d)). Fig. 3 (d) indicates that the polyurethane layer has 13 
a thickness of around 14 µm and does not penetrate into the bulk of the PTFE 14 
substrate. In addition, it can be seen that the hydrophobic PTFE layer of C-PTFE 15 
membrane has similar thickness to that of PTFE layer of PTFE membrane shown in 16 
Fig. 3 (c). 17 
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The difference in pore size between the PTFE membrane and the hydrophobic 1 
layer of the C-PTFE membrane measured by liquid expulsion technique is presented 2 
in Fig. 4. It can be observed that the PTFE membrane has a mean pore size of 0.45 3 
µm, and hydrophobic layer of C-PTFE membrane has a comparable mean pore size of 4 
0.39 µm and a narrower pore size distribution. 5 
 6 
Fig. 3. SEM images of surface (a) PTFE and (b) C-PTFE membranes and cross section (c) PTFE 7 
and (d) C-PTFE membranes. 8 
15 
 
 1 
Fig. 4. Pore size distribution of PTFE and hydrophobic layer of C-PTFE membranes. 2 
3.2.  Anti-wettability of C-PTFE membrane 3 
3.2.1. Effect of ethanol and SDS on membrane wetting 4 
Fig. 5 shows the effect of water recovery on the normalized water flux (J/J0) and 5 
permeate electrical conductivity (EC) using PTFE and C-PTFE membranes. A 6 
baseline test was first conducted using 2 g/L NaCl aqueous solution at 50oC, as shown 7 
in Figs. 5 (a) and (b). The purpose of running a baseline test was to ascertain the 8 
stable performance of the MD system during desalination process. As can be seen, the 9 
J/J0 was steady (~0.98) and the EC was constantly in range of 2-4 µS/cm. 10 
Figs. 5 (a) and (b) demonstrates the performance of the PTFE membrane and 11 
C-PTFE membrane challenged by 2 g/L NaCl feed solution containing 100 g/L 12 
ethanol. As can be found, at 40 oC of Twf,in, EC of PTFE membrane was almost 13 
constant with increasing water recovery, however, at 50 and 60 oC of Twf,in, EC 14 
increased with water recovery. This indicates that the high feed temperature facilitates 15 
the wetting of PTFE membrane. The phenomenon is related to the surface tension 16 
reduction of ethanol/water mixture solution with temperature 32. It is reported that the 17 
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net inward pull will become less with the increase of temperature, thus weakening the 1 
molecular interactions and then reduced the surface tension 32. In this case, low 2 
operating temperature is preferred. By comparison, as for C-PTFE membrane, the J/J0 3 
was slightly lower than the results with PTFE membrane and exhibited a slight 4 
decrease with water recovery, but the ECs were constant for all temperatures and 5 
water recovery considered. The slight decrease of the J/J0 with water recovery is 6 
related to the reduction of the driving force of the MD process, which is caused by the 7 
increase of the feed concentration with water recovery. 8 
 9 
Fig. 5. Normalized water flux (J/J0) (a) and permeate electrical conductivity (EC) (b) versus water 10 
recovery using PTFE and C-PTFE membrane of DCMD with 2 g/L NaCl feed solution containing 11 
100 g/L Ethanol. (10 oC of permeate inlet temperature and 450 mL/min of feed and permeate flow 12 
rates). 13 
Furthermore, another feed solution containing 2 g/L NaCl and 40 mg/L of SDS 14 
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was employed and the normalized water flux (J/J0) and permeate EC versus water 1 
recovery are shown in Figs. 6 (a) and (b), respectively. As can be seen, the permeate 2 
EC of PTFE membrane increased significantly with water recovery, especially for 3 
water recovery exceeding 30% (NaCl concentration of 2.9 g/L). Similarly, the higher 4 
the feed temperature, the faster the EC increases, creating more severe membrane 5 
wetting. By contrast, the ECs of C-PTFE membrane remained relative constant at all 6 
test temperatures. 7 
 8 
Fig. 6. Normalized water flux (J/J0) (a) and permeate electrical conductivity (EC) (b) versus water 9 
recovery using PTFE and C-PTFE membrane of DCMD with 2 g/L NaCl feed solution containing 10 
40 mg/L SDS. (10 oC of permeate inlet temperature and 450 mL/min of feed and permeate flow 11 
rates). 12 
3.2.2. Membrane wetting mechanism 13 
It is known that wetting is related to feed surface tension decline when 14 
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containing surface active component compared with the surface tension of pure water 1 
12. The surface tension of pure water is equal to 72.66 mN/m (at 25 °C), whereas that 2 
of ethanol is equal to 22.14 mN/m (at 25 °C) 32,33 and that of SDS solution (40 mg/L) 3 
is 64.89 mN/m (at 25 °C) 34. Therefore, the presence of ethanol and SDS at the PTFE 4 
membrane surface breaks the hydrogen bonds between the water molecules and thus 5 
lowers its surface tension. With the increase of surfactant concentration, more 6 
molecules will adsorb at the membrane surface, thus lowering the surface tension 7 
further 35. Furthermore, an increase of feed temperature also decreases the feed 8 
surface tension 36, which leads to a decrease of LEP. Therefore, the PTFE membrane 9 
is more vulnerable to be wetted at high ethanol and SDS concentration and high feed 10 
temperature. 11 
To understand the wetting phenomenon of the PTFE membrane, the liquid entry 12 
pressure (LEP) of the PTFE membrane was measured at 60% water recovery and 13 
different temperatures with feed solutions containing 5 g/L NaCl and 250 g/L ethanol, 14 
or 5 g/L NaCl and 100 mg/L SDS. Since the ethanol is volatile, it will also permeate 15 
through the membrane with water vapor during the DCMD experiment and thus the 16 
ethanol concentration at the water recovery of 60% will be lower than 250 g/L. It 17 
means that the LEP for the actual DCMD experiment will be larger than the measured 18 
values using the feed solutions containing 5 g/L NaCl and 250 g/L ethanol, which 19 
means that the DCMD process will be safe from the occurrence of breakthrough of 20 
feed solution under the current conditions. The LEP measurement results are shown in 21 
Fig. 7. It shows that the LEP decreases with increasing temperature. Nevertheless, as 22 
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can be seen, the LEP was still higher than 50 kPa when temperature increased to 60 1 
oC. However, the operating pressure on feed side during the current DCMD 2 
experiments was lower than 5 kPa. Obviously, the feed pressure is less than the LEP 3 
of the membrane. Therefore the increase of conductivity with water recovery and 4 
operating temperature is not resultant from the possible entry and passing of bulk feed 5 
solution into and through the membrane. 6 
 7 
Fig. 7. Effect of temperature on liquid entry pressure (LEP) tested with aqueous feed solutions 8 
containing 5 g/L NaCl and 250 g/L ethanol, and containing 5 g/L NaCl and 100 mg/L SDS, 9 
respectively. 10 
Thus, PTFE membrane wetting in Figs. 5 (b) and 6 (b) should be related to the 11 
interaction between the wetting agents and PTFE membrane surface. Since the 12 
ethanol or SDS consists of both hydrophobic alkyl chains and hydrophilic hydroxyl 13 
and/or sulfate groups, when the ethanol or SDS contacts with the PTFE membrane, 14 
the hydrophobic tail would attach to the hydrophobic membrane surface and the 15 
hydrophilic head would face to the water molecules 11. This will reduce the 16 
hydrophobicity of the PTFE surface, and bridge the water into the membrane pore. 17 
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Membrane wetting behavior can start through the larger pores spontaneously, while 1 
the water will be driven into the narrowest pores gradually by capillary forces, 2 
eventually causing the partial wetting 10. This can explain the observed wetting 3 
phenomenon in the DCMD experiment, which is consistent to the results reported by 4 
Gryta 37. Meanwhile, the “water bridges” generated by the membrane wetting will 5 
allow the transportation of solutes to the permeate side, resulting in the worsening of 6 
distillate quality. 7 
To understand the anti-wettability mechanism of the PTFE membrane, firstly, the 8 
pressurized filtration experiment using the C-PTFE membrane was conducted using 9 
the salt feed solution containing ethanol or SDS to investigate the penetration of 10 
wetting agent through the membrane. As shown in Table 2, the comparable 11 
concentration of ethanol or SDS to that of feed can be detected on the permeate side, 12 
indicating that these wetting agents cannot indeed be sterically rejected by the 13 
C-PTFE’s hydrophilic layer. Therefore, the phenomenon of relatively stable EC with 14 
C-PTFE in Figs. 5 (b) and 6 (b) should also be explained by surface interaction. It is 15 
assumed that when ethanol or SDS contacts the C-PTFE membrane, the hydrophilic 16 
head would attach to the hydrophilic membrane surface and the hydrophobic tail 17 
would face the water and reduce membrane wetting. Fig. 8 illustrates the adsorption 18 
and array posture of wetting agent molecules on the C-PTFE membrane surface, as 19 
well as on PTFE membrane surface for comparison. 20 
Table 2. Total organic carbon (TOC) measurement results for evaluating penetration of wetting 21 
agents through C-PTFE membrane in pressure filtration under 200 kPa. 22 
21 
 
Wetting agent Sample TOC, mg/L 
-- DI water 0.9 
Ethanol Feed 52341.5 
Permeate 51895.8 
SDS Feed 14.7 
Permeate 12.9 
 1 
 2 
Fig. 8. Illustration of the adsorption of wetting agents on the PTFE and C-PTFE membrane 3 
surfaces. 4 
Based on this hypothesis, the hydrophilic surface of polyurethane layer of the 5 
C-PTFE membrane will partially become hydrophobic. As a result, it is expected that 6 
the water uptake of the surfactant and/or ethanol containing feed should be less than 7 
that of the deionized water. To demonstrate the theory, the water uptake of the 8 
C-PTFE membrane was measured with different solutions and the results are shown 9 
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in Fig. 9. It is observed that the water uptake values of the C-PTFE membrane with 1 
NaCl solution are only slightly decreased compared to that with the deionized water, 2 
while the values with ethanol or SDS solutions and salt solutions containing ethanol 3 
or SDS is considerably lower. This suggests that the ethanol or SDS at 4 
water/membrane interface impeded the contact of water with membrane surface, thus 5 
reducing the water wetting and uptake on membrane surface. This can be illustrated 6 
by the array of the wetting agent on membrane surface that their hydrophobic moiety 7 
of molecules face liquid water phase as shown in Fig. 8. 8 
 9 
Fig. 9. Water uptake test of C-PTFE membrane at room temperature. 10 
Furthermore, the hydrophobicity/hydrophilicity of the PTFE and C-PTFE 11 
membrane surface exposed to the ethanol and SDS solutions were inspected by 12 
measuring the water contact angle for the PTFE and C-PTFE membranes pre and post 13 
DCMD experiments. The results are shown in Table 3. Because the ethanol is easy to 14 
volatilize, the water contact angle for membranes after DCMD experiments with 15 
ethanol was not conducted. Table 3 shows that the contact angle for PTFE membrane 16 
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always decreased after the DCMD experiment, indicating the reduction of surface 1 
hydrophobicity due to the wetting agents adsorption. However, it is interesting to 2 
observe that the water contact angle of the C-PTFE membrane surface is significantly 3 
increased, which means the increased hydrophobicity of the membrane than the virgin 4 
one after the DCMD experiment. 5 
Table 3. Water contact angle of PTFE and C-PTFE membranes pre and post DCMD experiments 6 
under different operating temperatures (2 g/L NaCl solutions with 40 mg/L SDS). 7 
Membrane Feed temperature, oC Water contact angle 
Pre Post 
PTFE 40 143.5 ± 3.0o 131.8 ± 6.1o 
50 141.2 ± 7.5o 132.6 ± 3.5o 
60 142.3 ± 7.6o 132.4 ± 6.4o 
C-PTFE 40 15.5 ± 0.5o 87.8 ± 3.6o 
50 15.2 ± 0.6o 88.1 ± 4.1o 
60 15.2 ± 0.3o 92.1± 2.1o 
3.2.3. Static wetting test 8 
In addition, the contact angles for PTFE and C-PTFE membranes after static 9 
wetting treatment with DI water, SDS solution and NaCl solution containing SDS, 10 
respectively, were also measured with a series of solutions as droplet solutions in 11 
contact angle measurement to probe the effect of wetting agent on the 12 
hydrophobicity/hydrophilicity of the PTFE and C-PTFE membranes. The results were 13 
shown in Fig. 10. It can be observed that the contact angles for PTFE membrane 14 
challenged by SDS solution or NaCl solution containing SDS were lower than those 15 
treated by DI water, no matter what the droplet solutions were employed in the 16 
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contact angle measurement. By contrast, the contact angles of C-PTFE membrane 1 
significantly increased after static wetting challenge with SDS solution or NaCl 2 
solution containing SDS compared to the results with DI water, when testing with all 3 
of different solutions as droplet solutions. The phenomenon of decreased contact 4 
angles of bare PTFE membrane and increased contact angles of C-PTFE membrane 5 
after wetting treatment is consistent with the results in Table 3 obtained by 6 
challenging membrane via DCMD experiment. It means that, being opposite to the 7 
case of bare PTFE membrane, when wetting agents exist in wastewater or on the 8 
C-PTFE membrane surface, the membrane surface will convert to more hydrophobic 9 
one during wastewater treatment. This can be explained by the proposed array posture 10 
of wetting agent molecules on membrane surface in Fig. 8. Furthermore, from Fig. 10 11 
(b), it can be observed that, for C-PTFE membrane challenged by SDS solution or 12 
NaCl solution containing SDS, the contact angles measured with NaCl solution 13 
droplet were slightly lower than those measured with DI water droplet. This should be 14 
related to ionic interaction of salt with C12H25O4S
- which enhances the transfer of salt 15 
solution to membrane surface. However, with the addition of ethanol or SDS into the 16 
salt solution, the situation becomes relieved with the contact angle being increased. 17 
This further verifies that the wetting agents act to impede the contact of water 18 
molecules with hydrophilic membrane surface and thereof decreased its hydrophilicity. 19 
It is interesting that in case of hydrophobic pristine PTFE membrane, the wetting 20 
agent in wastewater decreased the hydrophobicity of membrane, leading to membrane 21 
wetting, while as for hydrophilic C-PTFE membrane, the hydrophilicity of membrane 22 
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was decreased, which enable the stable performance of membrane. Therefore, it is 1 
obvious that the adsorption of the wetting agents on the C-PTFE surface functions to 2 
adjust the hydrophilicity/hydrophobicity of membrane and prevent serious water 3 
adsorption and solution into membrane to induce membrane wetting. Moreover, it is 4 
definitely that the thin dense hydrophilic layer can effectively keep bulk water as well 5 
as the wetting agent from reaching the hydrophobic surface, thus preventing the 6 
membrane wetting and avoiding penetrating effect as observed for PTFE membrane. 7 
 8 
Fig. 10. Contact angles of (a) PTFE and (b) C-PTFE membranes after the static wetting 9 
experiments. 10 
3.3. Long term performance 11 
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To investigate the long-term stability of MD process for the wastewater treatment, 1 
the DCMD experiments with a 90 h period for the bare PTFE membrane and C-PTFE 2 
membrane were performed with feed containing 2 g/L NaCl and 40 mg/L SDS. Fig. 3 
11 shows how the normalized water flux (J/J0) and permeate electrical conductivity 4 
(EC) change with time in the long-term experiment. For the PTFE membrane, the EC 5 
increases significantly and a constant steady-state EC curve slope of 2.09 is reached 6 
after 25 h. The J/J0 decreases slightly and jumps rapidly after 50 h. The wetting 7 
behavior can start through the larger pore mouths spontaneously while water would be 8 
gradually driven to the narrowest pores by capillary forces, eventually inducing partial 9 
wetting 10. This can explain the membrane wetting and the consequent increase of 10 
DCMD flux in the long-term experiment. Eykens et al. 38 also reported the gradual 11 
partial pore wetting of PTFE membrane by the surfactant with feed solutions 12 
containing SDS in the long-term experiment (3 days). Meanwhile, the “water bridges” 13 
formed by the membrane wetting in DCMD process will allow the transportation of 14 
solutes to the permeate side, leading to the worsening of distillate quality. By contrast, 15 
the J/J0 for commercial dual-layer PTFE membrane is stable and the increase of EC is 16 
slight and close to only 20 μS/cm after the long-term experiment. Its slope of the EC 17 
curve after 25 h is only 0.26. It means that the commercial dual-layer PTFE 18 
membrane has excellent anti-wetting property and can be applied for the wastewater 19 
treatment containing low surface tension substances. In addition, it should be noted 20 
that the water flux of C-PTFE membrane is lower than PTFE membrane. This is 21 
related to its higher thickness than PTFE membrane as shown in Table 1, smaller pore 22 
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size as shown in Fig. 4, and also the transport resistance from the polyurethane 1 
hydrophilic layer with much smaller pores. The thickness of the hydrophilic layer of 2 
the C-PTFE membrane is 14 μm which still has much space to be decreased. So it is 3 
expected the dual-layer membrane will be more promising for application when the 4 
membrane thickness especially the hydrophilic layer thickness is decreased in the 5 
future effort. 6 
 7 
Fig. 11. Long-term experimental results for 2 g/L NaCl solutions containing 40 mg/L SDS at 50 8 
oC and 10 oC of feed and permeate inlet temperatures, respectively, and 450 mL/min of feed and 9 
permeate flow rates. 10 
4. Conclusions 11 
In this study, commercial C-PTFE with a dense polyurethane layer coating on the 12 
surface of PTFE substrate membrane was evaluated and compared with bare PTFE 13 
membrane to investigate its anti-wettability and applicability of treating wastewaters 14 
containing organic solvent or surfactant in direct contact membrane distillation 15 
process. High water recovery with high temperature resulted in easier wetting of the 16 
PTFE membrane. By contrast, the C-PTFE membrane showed stubborn anti-wetting 17 
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properties. The results of the liquid entry pressure (LEP) measurement, pressurized 1 
filtration experiment, water uptake test, and water contact angle measurement all 2 
indicate the adsorption mechanism of membrane wetting and anti-wettability which 3 
are ascribed to the interaction between the wetting agents and membrane surface. It is 4 
deduced that, as for C-PTFE membrane, the hydrophobic moiety of the surfactant is 5 
repelled by the hydrophilic layer of membrane to face aqueous feed solution, and 6 
therefore, the dense hydrophilic layer could keep organic solvent and surfactant from 7 
reaching the hydrophobic layer of the C-PTFE membrane to avoid membrane wetting. 8 
The long term stability experiment further confirms that the membrane wetting 9 
due to the reaching and adsorption of organic solvent or surfactant on hydrophobic 10 
PTFE membrane can be effectively prevented by coating a dense hydrophilic 11 
composite layer on membrane surface. This study indicates that the application of 12 
hydrophilic/hydrophobic dual-layer membrane in MD process is a feasible way for the 13 
wastewater recycling and treatment. The membrane with a thinner hydrophilic layer is 14 
expected to be extremely competitive in improving water flux of membrane for MD 15 
process.  16 
29 
 
Acknowledgement 1 
This work was supported by CSIRO Manufacturing and the National Natural 2 
Science Foundation of China [grant number 21676210]. D. Cheng would like to 3 
acknowledge the PhD mobility scholarship program from Xi’an Jiaotong University. 4 
Dr. Mark Greaves from CSIRO is also acknowledged for the SEM analysis.  5 
30 
 
References: 1 
(1)  Macedonio, F.; Ali, A.; Poerio, T.; El-Sayed, E.; Drioli, E.; Abdel-Jawad, M. 2 
Direct Contact Membrane Distillation for Treatment of Oilfield Produced 3 
Water. Sep. Purif. Technol. 2014, 126, 69–81. 4 
(2)  An, A. K.; Guo, J.; Lee, E. J.; Jeong, S.; Zhao, Y.; Wang, Z.; Leiknes, T. O. 5 
PDMS/PVDF Hybrid Electrospun Membrane with Superhydrophobic Property 6 
and Drop Impact Dynamics for Dyeing Wastewater Treatment Using 7 
Membrane Distillation. J. Memb. Sci. 2017, 525, 57–67. 8 
(3)  Kozak, A.; Bekassy-Molnar, E.; Vatai, G. Production of Black-Currant Juice 9 
Concentrate by Using Membrane Distillation. Desalination 2009, 241, 10 
309–314. 11 
(4)  Ashoor, B. B.; Mansour, S.; Giwa, A.; Dufour, V.; Hasan, S. W. Principles and 12 
Applications of Direct Contact Membrane Distillation (DCMD): A 13 
Comprehensive Review. Desalination 2016, 398, 222–246. 14 
(5)  El-Bourawi, M. S.; Ding, Z.; Ma, R.; Khayet, M. A Framework for Better 15 
Understanding Membrane Distillation Separation Process. J. Memb. Sci. 2006, 16 
285 (1–2), 4–29. 17 
(6)  Khayet, M.; Matsuura, T. Preparation and Characterization of Polyvinylidene 18 
Fluoride Membranes for Membrane Distillation. Ind. Eng. Chem. Res. 2001, 40 19 
(24), 5710–5718. 20 
(7)  Lawson, K. W.; Lloyd, D. R. Membrane Distillation. J. Memb. Sci. 1997, 124 21 
(1), 1–25. 22 
31 
 
(8)  Khayet, M. Membranes and Theoretical Modeling of Membrane Distillation: A 1 
Review. Adv. Colloid Interface Sci. 2011, 164 (1–2), 56–88. 2 
(9)  Tijing, L. D.; Woo, Y. C.; Choi, J. S.; Lee, S.; Kim, S. H.; Shon, H. K. Fouling 3 
and Its Control in Membrane Distillation-A Review. J. Memb. Sci. 2015, 475, 4 
215–244. 5 
(10)  Guillen-Burrieza, E.; Mavukkandy, M. O.; Bilad, M. R.; Arafat, H. A. 6 
Understanding Wetting Phenomena in Membrane Distillation and How 7 
Operational Parameters Can Affect It. J. Memb. Sci. 2016, 515, 163–174. 8 
(11)  Lin, P. J.; Yang, M. C.; Li, Y. L.; Chen, J. H. Prevention of Surfactant Wetting 9 
with Agarose Hydrogel Layer for Direct Contact Membrane Distillation Used 10 
in Dyeing Wastewater Treatment. J. Memb. Sci. 2015, 475, 511–520. 11 
(12)  Kujawska, A.; Kujawski, J. K.; Bryjak, M.; Cichosz, M.; Kujawski, W. 12 
Removal of Volatile Organic Compounds from Aqueous Solutions Applying 13 
Thermally Driven Membrane Processes. 2. Air Gap Membrane Distillation. J. 14 
Memb. Sci. 2016, 499, 245–256. 15 
(13)  Rácz, G.; Kerker, S.; Schmitz, O.; Schnabel, B.; Kovacs, Z.; Vatai, G.; 16 
Ebrahimi, M.; Czermak, P. Experimental Determination of Liquid Entry 17 
Pressure (LEP) in Vacuum Membrane Distillation for Oily Wastewaters. 18 
Membr. Water Treat. 2015, 6 (3), 237–249. 19 
(14)  Chew, N. G. P.; Zhao, S.; Loh, C. H.; Permogorov, N.; Wang, R. Surfactant 20 
Effects on Water Recovery from Produced Water via Direct-Contact 21 
Membrane Distillation. J. Memb. Sci. 2017, 528, 126–134. 22 
32 
 
(15)  Rezaei, M.; Warsinger, D. M.; Lienhard V, J. H.; Samhaber, W. M. Wetting 1 
Prevention in Membrane Distillation through Superhydrophobicity and 2 
Recharging an Air Layer on the Membrane Surface. J. Memb. Sci. 2017, 530, 3 
42–52. 4 
(16)  Franken, A. C. M.; Nolten, J. A. M.; Mulder, M. H. V.; Bargeman, D.; 5 
Smolders, C. A. Wetting Criteria for the Applicability of Membrane 6 
Distillation. J. Memb. Sci. 1987, 33 (3), 315–328. 7 
(17)  Alkhudhiri, A.; Darwish, N.; Hilal, N. Membrane Distillation: A 8 
Comprehensive Review. Desalination 2012, 287, 2–18. 9 
(18)  Woo, Y. C.; Chen, Y.; Tijing, L. D.; Phuntsho, S.; He, T.; Choi, J. S.; Kim, S. 10 
H.; Shon, H. K. CF4 Plasma-Modified Omniphobic Electrospun Nanofiber 11 
Membrane for Produced Water Brine Treatment by Membrane Distillation. J. 12 
Memb. Sci. 2017, 529, 234–242. 13 
(19)  Wang, P.; Chung, T. S. Recent Advances in Membrane Distillation Processes: 14 
Membrane Development, Configuration Design and Application Exploring. J. 15 
Memb. Sci. 2015, 474, 39–56. 16 
(20)  Camacho, L. M.; Dumée, L.; Zhang, J.; Li, J. de; Duke, M.; Gomez, J.; Gray, S. 17 
Advances in Membrane Distillation for Water Desalination and Purification 18 
Applications. Water 2013, 5 (1), 94–196. 19 
(21)  Zhang, J.; Li, J. De; Gray, S. Effect of Applied Pressure on Performance of 20 
PTFE Membrane in DCMD. J. Memb. Sci. 2011, 369 (1–2), 514–525. 21 
(22)  Attia, H.; Alexander, S.; Wright, C. J.; Hilal, N. Superhydrophobic Electrospun 22 
33 
 
Membrane for Heavy Metals Removal by Air Gap Membrane Distillation 1 
(AGMD). Desalination 2017, 420, 318–329. 2 
(23)  Lee, E. J.; An, A. K.; Hadi, P.; Lee, S.; Woo, Y. C.; Shon, H. K. Advanced 3 
Multi-Nozzle Electrospun Functionalized Titanium Dioxide/Polyvinylidene 4 
Fluoride-Co-Hexafluoropropylene (TiO2/PVDF-HFP) Composite Membranes 5 
for Direct Contact Membrane Distillation. J. Memb. Sci. 2017, 524, 712–720. 6 
(24)  Lu, K. J.; Zuo, J.; Chung, T. S. Tri-Bore PVDF Hollow Fibers with a 7 
Super-Hydrophobic Coating for Membrane Distillation. J. Memb. Sci. 2016, 8 
514, 165–175. 9 
(25)  Peng, P.; Fane, A. G.; Li, X. Desalination by Membrane Distillation Adopting 10 
a Hydrophilic Membrane. Desalination 2005, 173 (1), 45–54. 11 
(26)  Zuo, G.; Wang, R. Novel Membrane Surface Modification to Enhance Anti-Oil 12 
Fouling Property for Membrane Distillation Application. J. Memb. Sci. 2013, 13 
447, 26–35. 14 
(27)  Wang, Z.; Hou, D.; Lin, S. Composite Membrane with Underwater-Oleophobic 15 
Surface for Anti-Oil-Fouling Membrane Distillation. Environ. Sci. Technol. 16 
2016, 50 (7), 3866–3874. 17 
(28)  Lin, S.; Nejati, S.; Boo, C.; Hu, Y.; Osuji, C. O.; Elimelech, M. Omniphobic 18 
Membrane for Robust Membrane Distillation. Environ. Sci. Technol. Lett. 2014, 19 
1 (11), 443–447. 20 
(29)  Chen, L.-H.; Huang, A.; Chen, Y.-R.; Chen, C.-H.; Hsu, C.-C.; Tsai, F.-Y.; 21 
Tung, K.-L. Omniphobic Membranes for Direct Contact Membrane Distillation: 22 
34 
 
Effective Deposition of Zinc Oxide Nanoparticles. Desalination 2018, 428, 1 
255–263. 2 
(30)  Boo, C.; Lee, J.; Elimelech, M. Omniphobic Polyvinylidene Fluoride (PVDF) 3 
Membrane for Desalination of Shale Gas Produced Water by Membrane 4 
Distillation. Environ. Sci. Technol. 2016, 50 (22), 12275–12282. 5 
(31)  Chew, N. G. P.; Zhao, S.; Malde, C.; Wang, R. Superoleophobic Surface 6 
Modification for Robust Membrane Distillation Performance. J. Memb. Sci. 7 
2017, 541, 162–173. 8 
(32)  Bagheri, A.; Fazli, M.; Bakhshaei, M. Surface Properties and Surface 9 
Thickness of Aqueous Solutions of Alcohols. J. Mol. Liq. 2016, 224, 442–451. 10 
(33)  Belda, R.; Herraez, J. V.; Diez, O. A Study of the Refractive Index and Surface 11 
Tension Synergy of the Binary Water/Ethanol: Influence of Concentration. 12 
Phys. Chem. Liq. 2005, 43 (1), 91–101. 13 
(34)  Hernáinz-Bermúdez de Castro, F.; Gálvez-Borrego, A.; Calero-de Hoces, M. 14 
Surface Tension of Aqueous Solutions of Sodium Dodecyl Sulfate from 20 °C 15 
to 50 °C and PH between 4 and 12. J. Chem. Eng. Data 1998, 43 (5), 717–718. 16 
(35)  Bell, C. G.; Breward, C. J. W.; Howell, P. D.; Penfold, J.; Thomas, R. K.; Uni, 17 
V.; Giles, S. Macroscopic Modeling of the Surface Tension of Polymer - 18 
Surfactant Systems. Langmuir 2007, No. 12, 6042–6052. 19 
(36)  Singh, R.; Chauhan, S.; Sharma, K. Surface Tension, Viscosity, and Refractive 20 
Index of Sodium Dodecyl Sulfate (SDS) in Aqueous Solution Containing 21 
Poly(Ethylene Glycol) (PEG), Poly(Vinyl Pyrrolidone) (PVP), and Their 22 
35 
 
Blends. J. Chem. Eng. Data 2017, 62 (7), 1955–1964. 1 
(37)  Gryta, M. Long-Term Performance of Membrane Distillation Process. J. Memb. 2 
Sci. 2005, 265 (1–2), 153–159. 3 
(38)  Eykens, L.; De Sitter, K.; Dotremont, C.; De Schepper, W.; Pinoy, L.; Van Der 4 
Bruggen, B. Wetting Resistance of Commercial Membrane Distillation 5 
Membranes in Waste Streams Containing Surfactants and Oil. Appl. Sci. 2017, 6 
7 (2), 118. 7 
 8 
  9 
36 
 
For Table of Contents Only 1 
 2 
